The bulk structural evolution of a vanadium containing heteropolyoxomolybdate (HPOM), H 4 [PVMo 11 O 40 ] * 13 H 2 O, with vanadium substituting for Mo in the Keggin ion was studied under reducing (propene) and partial oxidation reaction conditions (propene and oxygen) by in situ X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS) combined with mass spectrometry. During treatment in propene, the loss of crystal water in the temperature range from 373 K to 573 K is followed by a partial decomposition, reduction of the average Mo valence, and formation of a characteristic cubic HPOM at 573 K. This behavior is similar to the structural evolution of ] to an oxidized state under propene oxidation reaction conditions.
Introduction
Developing more active and selective catalysts for partial oxidation of alkanes and alkenes is extensively pursued in both industrial and academic research. Molybdenum oxide based catalysts for partial oxidation reactions have long been studied and industrially employed. [1] Recently, mixed MoVNbTeO x catalysts have been reported to possess a superior activity and selectivity for the oxidation of alkanes. [1] At present, the interaction of Mo, Nb, and V in these particularly active and selective catalysts is deduced from their arrangement in the ideal crystallographic structure of the as-prepared material. [2] Detailed structure-activity relationships obtained from in situ investigations of these complex mixed oxides remain scarce. However, a rational design of improved catalysts will not be possible without a fundamental understanding of the relationships between the "real" structural and the catalytic properties of the mixed oxide system under reaction conditions.
In order to elucidate the promotional effect of additional metal centers on the catalytic properties of mixed molybdenum oxide catalysts, suitable model systems are sought. Those systems ought to permit to investigate the influence of individual metal centers in well-defined oxide catalysts on the structural evolution of the precursor during activation and under reaction conditions while considerably reducing the complexity of the system studied. Heteropolyoxomolybdates (HPOM) are active catalysts for the partial oxidation of alkanes and alkenes. [1, 3, 4, 5, 6 ] They constitute suitable "real" model systems because of (i) their known structural evolution under reaction conditions, (ii) the similar onset of catalytic activity, which indicates similar active sites for alkene oxidation, and (iii) their potential to accommodate additional metal centers inside or outside of the primary Keggin ion. Moreover, HPOM are often envisaged as ideal model systems because of their reasonably wellunderstood preparations procedures which in principal permit to tailor-make mixed oxide systems. However, with respect to structure-activity relationships it has been shown that the "real" structure of the HPOM catalyst under reaction conditions does not necessarily correspond to the ideal crystallographic structure of the originally prepared Keggin type material. [7, 8] Measuring the catalytic properties of the material needs to be combined with in situ structural investigations of HPOM under reaction conditions to obtain reliable structure-activity correlations.
Recently we were able to show, that migration of molybdenum centers out of the Keggin ion of H 3 [PMo 12 O 40 ] * 13 H 2 O onto extra-Keggin sites resulting in a partially decomposed lacunary Keggin ion takes place during thermal activation. [9] Conversely, thermally stable HPOM like, for instance, Cs 3 [PMo 12 O 40 ] whose Keggin ions remain intact at elevated temperatures without a partial decomposition detectable, are catalytically inactive. Thus, the as-prepared and ideal Keggin ion of H 3 [PMo 12 O 40 ] * 13 H 2 O is only the precursor for the active catalyst, which consists of partially reduced and decomposed Keggin ions and Mo centers on extra-Keggin framework positions. A partial decomposition and migration of metal centers has previously been reported for Keggin ions with [10, 11, 12, 13, 14] and without addenda substituents. [15, 16, 17, 18, 19, 20] In particular with respect to the thermal activation of a vanadium containing heteropolyoxomolybdate, H 4 [PVMo 11 O 40 ] * 13 H 2 O, it has been proposed that substitution of molybdenum centers by vanadium destabilizes the Keggin ion resulting in a decomposition and migration of vanadium centers out off the Keggin ion. [8, 10, 11, 12, 13, 14, 16, 19, 21, 22] Here, we present in situ X-ray diffraction (XRD) and in situ X-ray absorption spectroscopy (XAS) investigations of H 4 [PVMo 11 O 40 ] * 13 H 2 O during thermal treatment (i.e. activation) under reducing (propene) and catalytic (propene and oxygen) reaction conditions. In addition to a detailed structural characterization of the starting material and the catalyst obtained after thermal activation, we show that a local spectroscopy like XAS that provides a direct "image" of the structure around the vanadium centers is ideally suited to probe the local geometric structure of the active site of vanadium containing polyoxomolybdates.
Experimental
Preparation of H 4 11 .73 mmol V) were suspended in 650 ml water in a three-necked 1000 ml flask equipped with a condenser. Commercial phosphoric acid (H 3 PO 4 (~ 82.5 %)) was diluted by a factor of 100 and the exact concentration was determined by titration with NaOH. 81 ml of this solution (11.73 mmol P) were added dropwise to the boiling and stirred suspension of the metal oxides. After complete addition of the phosphoric acid a clear amber colored solution was obtained. O . In order to isolate the solid formed, the suspension was first reduced in volume using a rotary evaporator operated at 90 °C. Subsequently, during continuous stirring the remaining slurry was dried on a Petri disk at 90 °C.
X-ray diffraction (XRD)
In situ XRD experiments were performed on a STOE Theta/Theta powder diffractometer (Cu K α radiation, Si secondary monochromator) and a scintillation counter operated in a stepping mode. The in situ cell consisted of a PAAR XRK900 high temperature diffraction chamber. The gas phase composition at the cell outlet was continuously analyzed with an Omnistar quadropole mass spectrometer (Pfeiffer) in a multiple ion-monitoring mode. In situ XRD measurements were conducted at 1 bar in flowing reactants (flow rate of 100 ml/min). Gas phase compositions of 10 % propene in helium, or 10 % propene and 10 % oxygen in helium were employed. XRD patterns were measured every 25 K in the temperature range from 315 K to 773 K resulting in an effective heating rate of 1.3 K/min. A description of the procedure used can be found in Ref. [23] . Ex situ XRD measurements were performed on a STOE STADI P diffractometer (Cu Kα 1 ; Ge primary monochromator) in a range of 5° -100° in 2θ with a step width of 0.01° and a measuring time of 10 sec/step. Structural refinements to the experimen-tal diffraction patterns were performed using the software TOPAS v 2.1 (Bruker AXS). Structural data employed in the XRD and XAS analyses were taken from the Inorganic Crystal Structure Database (ICSD).
X-ray absorption spectroscopy (XAS)
In situ transmission XAS experiments were performed at the Mo K edge (19. 999 keV) at beamline X1 at the Hamburg Synchrotron Radiation Laboratory, HASYLAB, using a Si 311 double crystal monochromator. The storage ring operated at 4.4 GeV with injection currents of 150 mA. The in situ experiments were conducted in a flow-reactor [23, 24] at 1 bar in flowing reactants (flow rate of 30 ml/min, temperature range from 300 K to 773 K at 5 K/min, subsequently held at 773 K). The gas phase composition at the cell outlet was continuously analyzed using a mass spectrometer in a multiple ion-monitoring mode (Omnistar from Pfeiffer). The heteropolyoxomolybates were mixed with boron nitride and pressed with a force of 1 ton into a 5 mm in diameter pellet resulting in an edge jump at the Mo Kedge of ∆µ x ~ 1.5 (~7 mg HPOM and ~30 mg BN).
Because of the low concentration of vanadium in a heavily absorbing matrix (Mo and Cs atoms), ex situ XAS measurements at the V K edge (5.465 keV) were conducted at the "High Brilliance X-ray 11 O 40 ], respectively, in the in situ XRD set-up according to the procedure described above and sealed in an argon atmosphere. The samples were mixed with cellulose in a ratio of 1 : 10, placed on a sample holder, and measured at 50 K. Spectra were collected in the fluorescence mode with a measuring time of about 7 min. X-ray absorption fine structure (XAFS) analysis was performed using the software package WinXAS v3.1 [25] following recommended procedures from the literature. [26] Background subtraction and normalization were carried out by fitting linear polynomials to the pre-edge and the postedge region of an absorption spectrum, respectively. The extended X-ray absorption fine structure (EXAFS) χ(k) was extracted by using cubic splines to obtain a smooth atomic background, µ 0 (k). The pseudo radial distribution function FT(χ(k)*k 3 ) was calculated by Fourier transforming the k 3 -weighted experimental χ(k) function, multiplied by a Bessel window, into the R space. EXAFS data analysis was performed using theoretical backscattering phases and amplitudes calculated with the ab-initio multiple-scattering code FEFF7. [27] Single scattering and multiple scattering paths in the Keggin ion model structure were calculated up to 6.0 Å with a lower limit of 2.0 % in amplitude with respect to the strongest backscattering path. EXAFS refinements were performed in R space simultaneously to magnitude and imaginary part of a Fourier transformed k 3 -weighted and k 1 -weighted experimental χ(k) using the standard EXAFS formula. [28] Structural parameters that are determined by a least-squares EXAFS refinement of a Keggin model structure to the experimental spectra are (i) one overall E 0 shift, (ii) Debye-Waller factors for single-scattering paths, (iii) distances of single-scattering paths, (iv) one third cumulant for the Mo -O distances in the first coordination shell and one third cumulant for all remaining scattering paths. Coordination numbers (CN) and S 0 2 were kept invariant in the refinement. Figure 1 . The simulated pattern shown in Figure 1 The local structure parameters obtained correspond to those reported in the literature [9] Table 1 . The local structure around a V center in the Keggin ion is shown in Figure 5 . agreement between the intensity ratios of the peaks in both experimental patterns can be seen. The simulated diffraction pattern shown in Figure 7A was obtained from a refinement of the structure of cubic [9] . A refinement of a Keggin Figure 9 . The reduction in the height of the characteristic V K pre- Table 1 . The refinement results in a good agreement in the range between 1.5 and 2.5 Å and between 3.5 and 5.0 Å. However, a considerable deviation between experimental data and simulation can be observed at about 2.9 Å. Only after extending the simulation by an additional Mo -Mo shell at about 2.9 Å (D in Figure 4 (IV.)), could a satisfying agreement between theory and simulation over the entire data range be obtained (Figure 4 (III.) Figure 10 . Evidently, that the two FT(χ(k)*k 3 )
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agree reasonably well at around 2.0 Å and in the range from 3.2 to 6.0 Å, whereas considerable deviations can be seen between 2.5 and 3.2 Å. 12 O 40 ] in 10 % propene and 10 % oxygen in He an average Mo valence was determined according to the procedure reported in Ref. [29] . Figure 11 shows the evolution of the Mo average valence together with the normalized propene conversion. 2 O was investigated by subjecting the material to a temperature programmed reaction (TPR) experiment in 10 % propene and 10 % oxygen in the temperature range from 300 K to 773 K in the in situ XRD set-up. The evolution of XRD patterns of Mo x [PVMo 11-x O 40 ] measured during the thermal treatment is depicted in Figure 13A . Figure 13B . Evidently, the onset of catalytic activity at ~ 550 K does not correlate to significant changes in the longrange structure of Mo Changes in the average local structure around the Mo centers in Mo x [PVMo 11-x O 40 ] during temperature programmed reaction of 10 % propene and 10 % oxygen between 300 K and 723 K were determined by Mo K edge XAS measurements. Structural parameters were obtained from a refinement of a Keggin structure to the experimental spectra measured. The evolution of selected Mo-O distances in Mo x [PVMo 11-x O 40 ] during TPR is depicted in Figure 14 . The ion current of acrolein (m/e = 56) measured during TPR of Mo x [PVMo 11-x O 40 ] exhibits an onset of catalytic activity at about 573 K accompanied by a characteristic decrease in the Mo -O distances shown. Subsequently, the temperature was held at 723 K and the gas phase was switched between reducing (propene) and oxidizing (propene and oxygen) atmosphere. It can be seen, that the local Mo structure can be reversibly changed from a reduced to an oxidized state of the catalytically active phase ( Figure  14 ). 
Discussion
Characterization of H 4 (Figure 4 ; Table 1 ) is in good agreement with a V site in the Keggin ion for the majority of vanadium in the material prepared Figure 5 ). The local average structure around the Mo centers in H 4 Figure 7B ) and a superior catalytic activity in propene oxidation compared to the as-prepared HPOM. Furthermore, the onset-temperature for the formation of the cubic HPOM coincided with the onset of catalytic activity at ~ 573 K. Evidently, a similar cubic HPOM (i.e. containing Keggin ion and a V free Keggin ion evolves similarly during treatment in propene (Figure 8 ). The onset of the structural changes in the Keggin ion at ~ 573 K is again correlated to the characteristic weakening of the Mo-O bond detectable in various molybdenum oxides [29, 30] which in turn coincides with the onset of catalytic activity. Both do not seem to be effected by the presence of V in the Keggin ions of H 4 [PVMo 11 O 40 ] * 13H 2 O.
The good agreement between the experimental XRD patterns of the two cubic phases in Figure 6 and the corresponding structural data given in Table 2 are, however, only indirect evidences for the V centers residing in the lacunary Keggin ions of the cubic HPOM obtained from H 4 [PVMo 11 O 40 ] * 13H 2 O. Therefore, element specific Xray absorption spectroscopy was employed to determine the average valence and the local structure around the V center. From an analysis of the V K near-edge spectra [31] (Figure 10 ) is particularly prominent. As can be seen from Figure 4 .III, the agreement between theory and experiment can be significantly improved be considering an additional Mo center with a VMo distance of ~ 2.8 Å (D in Figure 4 .IV, Table 1 ). This distance corresponds very well to the distance from a V center in a Keggin ion to a Mo center on an extra-Keggin position according to the structural data determined by the XRD refinement to the pattern of Mo x [PVMo 11-x O 40 ] (Figure 7A , Table 2 ). [9, 17, 18] A schematic representation of the local structure around the V center in activated cubic Mo x [PVMo 11-x O 40 ] is depicted in Figure 15 . The structure of the partial Keggin ion shown corresponds to the data given in Table 2 while the V-O and V-Mo distances indicated are obtained from a structure refinement to the V K edge data (Table 1) The upper half of the Keggin ion shown corresponds to the structural data given in Table 2 . V-O and V-Mo distances indicated are obtained from a structure refinement to the V K edge data (Table 1) 2 O during activation in propene and oxygen indicate a partial reduction ( Figure 11 ) and partial decomposition of the Keggin ions ( Figure 12 ) similar to the structural evolution during treatment of H 4 [PVMo 11 O 40 ] * 13H 2 O in propene (Figure 8) . Apparently, the onset of the formation of a lacunary Keggin ion and the migration of Mo centers is correlated to the onset of catalytic activity. Similar to the structural behavior of H 3 (Figure 12 ), the evolution of the electronic structure suggests a more pronounced reduction of the average Mo valence in H 4 12 O 40 ] * 13H 2 O. Hence, in addition to a possible structure promoting effect of V centers in molybdenum based oxides, the amount of Mo centers with an average valence less than six appears to be increased in V containing molybdenum oxides during activation in propene and oxygen. The latter seems to correlate with the improved catalytic activity observed ( Figure 12 ).
The catalytic activity and stability of the cubic Mo x [PVMo 11-x O 40 ] phase obtained from H 4 [PVMo 11 O 40 ] * 13H 2 O was investigated by in situ XRD and XAS under propene oxidation conditions. It can be seen from Figure 13 that the long-range order structure of the cubic phase persists to about 620 K in propene and oxygen. This structural stability under reaction conditions is unusual for asprepared HPOM, which tend to exhibit several transitions and decompositions during thermal treatment. The onset of catalytic activity of the cubic phase at about 573 K ( Figure  13B) is not accompanied by detectable changes in the longrange order structure. Both the stability under reaction conditions and the structural invariance at the onset of catalytic activity indicate that the structure of the cubic Mo x [PVMo 11-x O 40 ] is closely related to the structure of the active phase of H 4 [PVMo 11 O 40 ] * 13H 2 O. At temperatures above ~650 K the cubic phase exhibits a change in the relative ratio of the diffraction peaks around 20 ° and the occurrence of additional peaks indicating the formation of an unidentified phase at elevated temperature. The modified cubic phase present above 650 K can still be simulated by the structure displayed in Figure 7B , while a slightly elongated distance of the extra-Keggin Mo center from the Keggin ion can account for the modified peak ratio.
In contrast to the invariance of the long-range structure of Mo x [PVMo 11-x O 40 ] under reaction conditions, the short-range structure of the Keggin ion as detected by in situ XAS exhibits pronounced changes that correlate with the onset of catalytic activity at ~ 573 K. The structural changes observed are in the order of ~ 5 % pointing towards a "fine tuning" of the Mo -O distances possibly accompanying the uptake of oxygen and the transition from the reduced form of the active phase to the oxidized form under reaction conditions. The resulting active site of these catalysts consists of an extra-framework molybdenum center that forms an oxo cluster together with the lacunary Keggin ion presenting a coordinatively unsaturated metal center to the gas phase embedded in a matrix of stable terminal oxygen atoms (Figure 15 ). The remaining hole in the lacunary Keggin ion permits adsorbed substrate molecules to access the bridging oxygen atoms in the vicinity of the Mo center. As can be seen from the correlation between local structural changes and the gas phase composition in Figure 14 , the structural state of the reduced form of 
Implication of V centers in molybdenum oxide based catalysts for structure-activity relationships
The investigations presented indicate, that HPOM are indeed suitable three-dimensional model system to investigate the directing effect of metal centers on the structural evolution of molybdenum oxides during thermal treatment. However, similar to the behavior of H 3 Figure 15 ). This structure deviates significantly from the structure of the as-prepared materials and could have by no means inferred from it. In situ investigations are indispensable to elucidate the "real structure" of a working catalyst under reaction conditions. Obviously, structureactivity correlations deduced from the ideal crystallographic structure of more complex Mo and V containing mixed oxide catalysts have to be carefully validated by in situ bulk structural investigations.
